Spontaneous contractions of the intestine are thought to play an important role in the gastrointestinal motility, including peristalsis. In the present study, we investigated mechanisms for regulation of the frequency of spontaneous contractions, using longitudinal muscle strips in rat distal colon. Atropine significantly decreased the frequency of spontaneous contractions, indicating that neuromuscular transmission via muscarinic receptors increases the frequency of spontaneous contractions. SB-204070, 5-HT 4 receptor antagonist also significantly decreased the frequency of spontaneous contractions, indicating that the activation of 5-HT 4 receptors also increases the frequency of spontaneous contractions. In conclusion, it is suggested that muscarinic and 5-HT 4 receptors participate in the regulation of the frequency of spontaneous contractions in the longitudinal muscle in rat distal colon, and that the frequency of spontaneous contraction is controlled by the enteric neurons.
It is well known that the longitudinal and the circular muscles in the colon generate spontaneous contractions (1, 18), which are also termed giant contractions (GCs) by Gonzalez and Sarna (11) . Recently, it has been reported that spontaneous contractions of the longitudinal muscle in mouse colon are of similar form, frequency and pharmacology to migrating motor complexes (MMCs) of colonic circular muscle (18) . Because the mouse MMCs resemble peristaltic waves in their frequency and time course, and they migrate over half the length of the colon, MMCs are thought to be peristalsis in nature (17) . Therefore, spontaneous contractions of the longitudinal muscle in the colon seem to play an important role in the gastrointestinal motility, including peristalsis, and to be a useful tool to investigate the regulation of colonic motor activity.
There are number of studies to characterize spontaneous contractions (or GCs) in the colon (1, 6, 11, 15, 18) . However, mechanisms for the regulation of the frequency of spontaneous contractions in the colon are controversial, and not well understood. For example, it has been reported that the amplitude and frequency of GCs of circular muscle strips are significantly increased by tetrodotoxin (TTX), but unaffected by antagonists of 5-hydroxytryptamine (5-HT) receptors (11) . On the other hand, the MMCs in mouse colon have been reported to be inhibited by alosetron, a 5-HT 3 receptor antagonist in vitro (6). Moreover, spontaneous contractions of the longitudinal muscle in mouse colon are abolished by TTX, hexamethonium and morphine (18) . In contrast to the evidence that GCs or the MMC is neurogenic, there is also the evidence that spontaneous contractions are myogenic, so that spontaneous con-sessed. The respective control was measured for 20 min before the addition of atropine (10 −6 M), hexamethonium (10 −4 M), granisetron (10 −6 M) or SB-204070 (10 −6 M). Then 10 min after the addition of drugs, frequency of spontaneous contractions was measured again for 20 min.
Drugs. Atropine sulfate salt and hexamethonium bromide were purchased from Sigma Chemical Co. (St. Louis, MO, USA). Granisetron and SB-204070 were gifts from Fujisawa Pharmaceutical Co., Ltd. (Osaka, Japan). All drugs were dissolved in distilled water. The volume of solution containing a drug that was added to the bathing solution was within 150 μL.
Statistics. The data are expressed as means ± SEM. The differences in the data were evaluated by Student's t-test. The P values of less than 0.05 were taken as a statistically significant difference.
RESULTS
The amplitude and duration of spontaneous contractions of the longitudinal muscle in rat distal colon were not affected by any drugs used in the present study (data not shown).
Effects of atropine and hexamethonium on the frequency of spontaneous contractions
One of the principal excitatory mediators in the intestinal tract is ACh, which induces a contraction of the intestinal smooth muscle via muscarinic receptors. It has been reported that cholinergic neurotransmission via nicotinic receptors is involved in distension-evoked ascending and descending reflexes (4). Therefore, the effects of atropine (a muscarinic receptor antagonist) and hexamethonium (a nicotinic receptor antagonist) on the frequency of spontaneous contractions were tested.
Atropine (10 −6 M) significantly decreased the frequency of spontaneous contractions from 10.0 ± 0.6 contractions/20 min to 6.9 ± 0.7 contractions/20 min (n = 8, P < 0.01, Fig. 1A , B), suggesting that ACh is continuously released and increases the frequency of spontaneous contractions via muscarinic receptors. However, hexamethonium (10 −4 M) had no effect on the frequency of spontaneous contractions (Fig. 1C) .
Effects of 5-HT receptor antagonists on the frequency of spontaneous contractions
5-HT is well known to play an important role in the initiation of peristalsis in the guinea pig (16) and rat tractions of longitudinal and circular muscle strips in rat colon are unaffected by TTX (1).
Previous reports (6, 15, 18) have indicated a crucial role for acetylcholine (ACh) and 5-HT in the regulation of the frequency of spontaneous contractions in the colon. The present results suggest that muscarinic and 5-HT 4 receptors participate in the regulation of the frequency of spontaneous contractions of the longitudinal muscle in rat distal colon.
MATERIALS AND METHODS
Tissue preparation. Male Wistar rats (200-350g, Charles River Japan Inc., Yokohama, Japan) had unlimited access to water and food. Before the in vitro motility studies, rats were kept individually and fasted for about 24 h with ad libitum access to water. The animals were anaesthetized with diethyl ether and then killed by decapitation according to the method approved by the Guide for Animal Experimentation of National Institute for Physiological Sciences of Japan. Distal colon, the segment between the entrances of the left branches of the middle colonic artery and the upper side of the rectum, was removed and placed in Krebs-Ringer solution kept on ice. The solution contained (in mM) 117 NaCl, 4.7 KCl, 1.2 MgCl 2 , 1.2 NaH 2 PO 4 , 25 NaH-CO 3 , 2.5 CaCl 2 , and 11 glucose and was bubbled with a gas mixture of 95% O 2 and 5% CO 2 . Segments of distal colon were opened along the mesenteric border, cleaned, and pinned flat on petri dish with a silicon rubber base. Full-thickness strips (2 mm wide and 1-1.5 cm long) were cut along longitudinal axis and mounted in a 15 mL organ bath filled with Krebs-Ringer solution at 37°C, which was continuously aerated with a mixture of 95% O 2 and 5% CO 2 .
Measurement of spontaneous contractions. The strips were placed under a resting tension of 0.5 g, and changes in length were recorded with isotonic force transducers (NEC San-ei Instrument, Ltd., Tokyo, Japan). Output was monitored by MacLab (AD Instruments, Castle Hill, Australia). The strips were left to equilibrate for at least 120 min. A count of the number of spontaneous contractions in 20 min indicated the frequency of spontaneous contractions.
Experimental protocols. To investigate mechanisms for the regulation of the frequency of spontaneous contractions of the longitudinal muscle in rat distal colon, the effect of pharmacological drugs on the frequency of spontaneous contractions were as- contractions/20 min to 6.2 ± 0.7 contractions/20 min (n = 6, P < 0.01, Fig. 2A, B) , suggesting that 5-HT is continuously released and increases the frequency of spontaneous contractions via 5-HT 4 receptors. However, granisetron (10 −6 M) had no effect on the frequency of spontaneous contractions (Fig. 2C) . (12) , and it has been reported that 5-HT 3 and 5-HT 4 receptors participate in intestinal motility including peristaltic reflex (5, 10, 14, 21). Therefore, the effects of granisetron (a selective 5-HT 3 receptor antagonist) and SB-204070 (a selective 5-HT 4 receptor antagonist) on the frequency of spontaneous contractions were tested. SB-204070 (10 −6 M) significantly decreased the frequency of spontaneous contractions from 8.8 ± 0.3 (18) have also investigated the regulatory mechanisms for the frequency of spontaneous contractions of the longitudinal muscle in mouse colon using segmental preparation, and have reported that nicotinic and 5-HT 3 receptors participate in the regulation of the frequency of spontaneous contractions. Accordingly, there were differences in participation of nicotinic receptors and 5-HT receptor subtypes between our and Powell's results. The reasons for the differences might be the animal species (rat vs. mouse) and the preparation (strip vs. segment). Although our understanding about the regulatory mechanisms for the frequency of spontaneous contractions is far from complete, there is no doubt that ACh and 5-HT are important transmitters in the gastrointestinal motility. Therefore, further studies will be necessary to clarify the more precise roles for ACh and 5-HT in the regulation of the frequency of spontaneous contractions.
In conclusion, the present study suggests that muscarinic and 5-HT 4 receptors play an important role in the regulation of the frequency of spontaneous contractions of the longitudinal muscle in rat distal colon, and that the frequency of spontaneous contractions is controlled by the ENS.
REFERENCES DISCUSSION
This study investigated regulatory mechanisms of the frequency of spontaneous contractions of the longitudinal muscle in rat distal colon. Spontaneous contractions of the longitudinal muscle are equivalent to the MMCs (18) as mentioned above. Therefore, the present results seem to confer important findings to understand the regulatory mechanisms for the MMCs in the colon.
In the present study, we showed that atropine, a muscarinic receptor antagonist, significantly decreased the frequency of spontaneous contractions of the longitudinal muscle in rat distal colon. The result suggests that the continuous release of ACh from cholinergic neurons increases the frequency of spontaneous contractions. Thus, it is suggested that the frequency of spontaneous contractions is regulated by the enteric nervous system (ENS). Although interstitial cells of Cajal (ICC) are thought to be pacemaker cells in the gastrointestinal motility (2, 8, 20) , it has been recently reported that the ENS, but not ICC is necessary for the generation or propagation of MMCs in mouse small intestine (19) . Our result also supports the importance of the ENS together with other studies (11, 15, 18) . It is well known that ACh released from motor neurons in the ENS induces smooth muscle contraction of the intestine via muscrarinic receptors. In the present study, hexamethonium, a nicotinic receptor antagonist had no effect on the frequency of spontaneous contractions, suggesting that neurotransmission via nicotinic receptors may be not involved in the regulation of the frequency of spontaneous contractions. Because the frequency of spontaneous contractions is distinctly decreased by atropine, it seems that cholinergic neuromuscular transmission via muscarinic receptors at least participates in the regulation of the frequency of spontaneous contractions of the longitudinal muscle in rat distal colon.
SB-204070, a 5-HT 4 receptor antagonist decreased the frequency of spontaneous contractions of the longitudinal muscle in rat distal colon. This result suggests that the continuous release of 5-HT also increases the frequency of spontaneous contractions, consistent with previous observations (6, 18). It is well known that the peristaltic reflex is initiated by activation of 5-HT 4 receptors on intrinsic primary afferents (IPANs) (7, (12) (13) (14) . Enterochromaffin (EC) cells are the most possible candidate of the source of 5-HT because~90% 5-HT in whole body exists in the intestinal mucosa, that is, in EC cells (9) . In addition, it has been recently shown by the real-time
